We propose a dark matter (DM) scenario in an extension of a left-right symmetric model with a gauge-singlet scalar field. The gauge-singlet scalar can automatically become a DM candidate, provided that both P and CP symmetries are only broken spontaneously. Thus no extra discrete symmetries are needed to make the DM candidate stable. After constraining the model parameters from the observed relic DM density we make predictions for direct detection experiments. We show that for some parameter range, the predicted WIMP-nucleon elastic scattering cross section can reach the current experimental upper bound, which can be tested by the experiments in the near future.
I. INTRODUCTION
The Standard Model (SM) of particle physics, although greatly successful in phenomenology gives no explanations for parity (P ) and CP violation. The observed neutrino oscillations, the large baryonumber asymmetry and large energy density from non-baryonic dark matter (DM) in the universe are clear indications for new physics beyond the SM. In the left-right (LR) symmetric models for weak interactions [1, 2, 3, 4] , the left-and righthanded fermions are treated equally, and P symmetry is restored prior to the spontaneous symmetry breaking (SSB). The LR models have other advantages such as the gauge group SU(2) L ⊗ SU(2) R ⊗ U(1) B−L can be elegantly embedded into grand unification theories, and the right-handed neutrinos are naturally required, etc..
The LR models may also contain DM candidates. In one of the minimal versions of the LR model which contains one Higgs bidoublet φ and two Higgs triplets ∆ L,R , a Z 2 symmetry on the left triplet ∆ L → −∆ L can be used to resolve the so-called VEV seesaw problem [1] . A direct consequence of this discrete symmetry is that the neutral component δ 0 L of ∆ L can only annihilate or be produced by pairs, which makes δ 0 L a potential DM candidate. However, due to the fact that δ 0 L participates SU(2) L gauge interactions which is quite strong, the WIMP-nucleon elastic scattering experiments lead to a severe constraint on the dark matter relic density which is a few order of magnitudes below the observed value [5] .
Thus it cannot be a main source of DM in the universe.
A disadvantage of the minimal LR model is that although P can be broken spontaneously, the CP symmetry has to be broken explicitly, which looks quite unnatural. The reason is that without large fine-tuning on the Higgs potential the condition for spontaneous CP violation (SCPV) cannot be satisfied [1, 6, 7] . Furthermore, in the minimal LR model with SCPV the predicted CP phase angle sin 2β ∼ 0.1 in the unitarity triangle of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is far bellow the experimentally measured value of sin 2β = 0.671 ± 0.024 from the two B-factories [8] . The minimal LR model also suffers from strong phenomenological constraints from low energy flavor-changing-neutral-current (FCNC) processes, especially the neutral kaon mixing which push the masses of the righthanded gauge bosons and some neutral Higgs bosons above the TeV scale [9, 10, 11, 12, 13, 14, 15] .
Motivated by the requirement of both spontaneous P and CP violation, We have dis-cussed an extension of the minimal LR model with two Higgs bidoublets [16, 17, 18] . In this two-Higgs-bidoublet LR model (2HBLR), the additional Higgs bidoublet may modify the Higgs potential such that the fine-tuning problem can be avoided. The extra Higgs bidoublet can also change the interferences among different contributions in the box-diagrams in the neutral meson mixings, and lower the bounds for right-handed gauge boson masses to be bellow the TeV scale [16, 17] .
Note that the spontaneous P and CP violation in the LR models can also be useful for DM model-building. Before the SSB, the Lagrangian for the particle interactions prohibits the P -odd and CP -odd interactions, which may prevent the decays of the particles with odd CP parity. These particles can remain stable even after the SSB, provided that they do not develop VEVs and do not couple to the symmetry breaking sector. The simplest case would be that there is a gauge-singlet scalar field with odd CP parity, and has a vanishing VEV.
In this work we discuss this possibility by considering an extension of the 2HBLR with a gauge-singlet complex field S which plays the role of DM candidate, and the stability of DM is purely protected by the discrete P and CP symmetries. This model distinguishes itself from the previous gauge-singlet models ( see, e.g. [19, 20, 21, 22, 23, 24, 25, 26] ) in that no ad hoc discrete symmetry of Z 2 type is introduced. This possibility has not been emphasized before in the literature, simply because most of the popular models such as SM and MSSM violate P and C maximally. This simple model shows that the DM may be connected to the fundamental symmetries of the quantum field theory. Recently, it is also noticed that the custodial symmetry of the gauge interaction can also be used to stabilize the DM candidate [27] . We calculate in this model the cross sections for the DM annihilation and the elastic scattering with the nucleus. The results show that for a large parameter space the DM relic density can be reproduced. The correlation between the DM annihilation and the elastic scattering off the nucleus depends on the Higgs and Yukawa sector of the model, and can be quite different from the ordinary gauge-singlet model which in some limit has a simple one to one correspondence. In general, the predictions for the direct detection experiments can be significantly larger and can even reach the current experimental upper bound for large Yukawa couplings. This paper is organized as follows: In Section. II, we outline the main feature of the model. In Section III, we discuss the parameter space, and give the formulas for main processes for the DM annihilation and the elastic scattering off the nucleus in a simplified case where one Higgs bidoublet decouples from the theory. The case in which both Higgs bidoublet are active is discussed in Section IV. We finally conclude in Section V.
II. THE LR SYMMETRIC MODEL WITH A GAUGE-SINGLET
We begin with a LR model with a gauge group SU(2) L ⊗ SU(2) R ⊗ U(1) B−L which contains two Higgs bidoublets φ (2,2 * ,0), χ (2,2 * ,0), a left(right)-handed Higgs triplet ∆ L(R) (3(1),1(3),2), and a gauge-singlet S(0,0,0) with the following flavor contents
The introduction of Higgs bidoublet χ is to overcome the problem of fine-tuning in generating the SCPV in the minimal LR model, and relax the severe low energy phenomenological constraints [16, 17, 18] . Under the P and CP transformation, these fields transform as
We shall require P and CP invariance of the Lagrangian, which strongly restricts the struc- In order to simplify the discussion, in this section we shall first consider a simple case in which the bidoublet χ does not mix significantly with other fields. In this case the model is reduced to the minimal LR model plus a gauge-singlet, which already contains the main features of the complete model. We postpone the discussions on the χ contributions into Section IV. The most general Higgs potential involving the singlet field S is given by
where
Note that it only involves combinations of (S + S * ) and SS * . The terms proportional to odd powers of (S − S * ) are absent in the singlet self-interactions as they are P -even but C-odd. 
are P -odd, thus cannot couple to S. The terms proportional to even powers of (S − S * ) can be rewritten in terms of (S +S * ) 2 and SS * . We have checked that the P and CP transformation rules for S defined Eq. (2) is acturally the only possible way for the implementation of the DM candidate. For future convenience we rewrite V S in terms of the component field S σ and S D .
with the redefined coefficients
It follows from Eq. (6) that S D can only be produced by pairs, thus is a potential dark matter candidate. After the SSB, the Higgs multiplets obtain nonzero VEVs
where With the extra contributions from V S to the whole Higgs potential V ≡ V φ∆ + V S , one needs to redo the minimization with respect to φ and ∆ L,R . However, from Eq. (3) and (4) it follows that the minimization conditions for φ and ∆ L(R) remain to have the same form as that in the minimal LR model. This is because the mixing introduced by the singlet S only changes the overall coefficients µ 1 , µ 2 and µ 3 of the φ and ∆ L,R potential term in Eq.
(3). Hence the mass matrix of the Higgs multiplet φ and ∆ L,R remains the same as that in the minimal LR model in Refs. [1, 28] , which also indicates that the additional potential term V S in Eq. (6) does not help in resolving the fine-tuning problem. The fine-tuning can only be relaxed by introducing another bidoublet χ. From the minimization condition for the singlets S σ , one can eliminate one parameter µ σ
where v σ ≡ S σ is the VEV of S σ . In order to ensure the stability of the dark matter candidate S D , we require that S D does not obtain a nonzero VEV, S D = 0, namely CP is not broken by the singlet fields. It follows that after the SSB, although P and CP are both broken, there is a Z 2 type of discrete symmetry on S D remaining in the gauge-singlet sector. The discrete symmetry is induced from the original CP symmetry.
In the limit that v L ≃ 0 and κ 2 ≪ κ 1 which comes from the phenomenology of neutrino masses and neutral meson mixings, the mass eigenstates for the Higgs bidoublet and triplets approximately coincide with the corresponding flavor eigenstates. The mass terms for the Higgs bosons and gauge bosons are listed in Table I . There is only one light SM-like Higgs h 0 from the real part of φ 0 1 , the mass of all the other scalars are set by v R which can be very heavy.
Particles Mass 2
Particles Mass 2 The mass terms for S D and S σ are given by
where M and ∆∆ * stands for any states of
III. DM IN THE LR SYMMETRIC MODEL
There are a number of free parameters in the model such as the coefficients in the potentials and the VEV for S σ . As shown in Eq. (10), the mass of S D is related to two energy
In the minimal LR model with the spontaneous CP violation, the VEV v R of the right-handed Higgs triplet ∆ R is subjected to strong constraints from the K, B meson mixings [8, 9, 11, 12, 13, 14, 15, 29] as well as low energy electroweak interactions [30, 31, 32] . The kaon mass difference and the indirect CP violation quantity ǫ K set a bound for v R around 10 TeV [30, 33, 34] . For a successful cold DM candidate S D , its mass should be roughly between 10 GeV and a few TeV for annihilation cross section of approximately weak strength. For simplicity here we consider a case in which v σ is heavy v σ ∼ v R ∼ 10 TeV, and before the SSB the Lagrangian has an approximate global U(1) symmetry on S, i.e. under S → e iδ S, which suppresses some of the parameters, namelỹ (11) that the coefficients for the quartic couplings and mixing terms in the potential V S are roughly at the same order of magnitude
One of the implications of this parameter region is that the mixing between S σ and the SM-like Higgs h 0 will be small. This is because the mixing angle θ is proportional to
Thus the constraints from the precision electroweak data from LEP experiments becomes weak. There are of course other possible parameter regions. However, one will see in the next section that the parameter space corresponding to the approximate global U(1) symmetry leads to the correct magnitude of the relic dark matter density.
A. Annihilation cross section
The relic density of the gauge-singlet DM S D can be calculated from the annihilation cross sections which depend largely on mass spectrum of the particles in the model, especially the one correspondence between the DM relic density and the WIMP-nucleon elastic scattering cross section. The ratio between the two only depends on the mass of DM [22, 36] . In order to satisfy both the DM relic density 0.105 ≤ Ω DM h 2 ≤ 0.117 [37] and fermion pairs qq, as shown in Fig. 1 and Fig. 2 
FIG. 2: Feynman diagrams for two DM candidate S D annihilating into two SM-like Higgs bosons.
and that for Fig. 2 is
where s is the squared center-of-mass energy. 
B. Constraints from The DM Relic density
The thermal-average of the annihilation cross section times the relative velocity σv is a key quantity in the determination of the cosmic relic abundance of S D . For nonrelativistic gases, σv can be expanded in powers of relative velocity and x −1 (x ≡ m D /T ). To the first order σv ≃ σ 0 x −n , where n = 0(1) for s(p)-wave annihilation process [38] . The general formula for σv is given by [39] 
where ω ≡ E 1 E 2 σv, and the prime denotes derivative with respect to s/4m 2 D . ω and its derivative are all to be evaluated at s/4m 2 D = 1. The final DM density Ω DM h 2 is given by [38] Ω DM h 2 = 1.07 × 10
with
where M P l = 1. The total annihilation cross section ω is
From Eq. (15) Fig. 3 is disfavored.
C. Predictions for the DM direct detection experiments
The current DM direct detection experiments, such as the CDMS [40] and XENON [41] , have imposed strong constraints on the WIMP-nuclen elastic scattering cross section for a wide range of DM mass. In our model, the DM candidate S D interacts with nucleus N through Yukawa couplings interactions. For scalar interactions, the spin-independent elastic scattering cross section on a nucleus N is given by [42, 43] 
and M N is the target nucleus mass. Z and A − Z are the numbers of protons and neutrons in the nucleus. f p,n is the coupling between WIMP and protons or neutrons, given by
T u = 0.014 ± 0.003, f T G between WIMP and gluons from heavy quark loops is obtained from
Traditionally, the results of WIMP-nucleus elastic scattering experiments are presented in the form of a normalized WIMP-nucleon scattering cross section σ SI n in the spin-independent case, which is straightforward
is the reduced mass of the nucleon, and M n = m p,n denotes the nucleon mass. Because of f p ≈ f n in our model
The present bounds on the WIMP-nucleon elastic scattering cross section are σ 
where y 
IV. CONTRIBUTIONS FROM THE OTHER HIGGS-BIDOUBLET
In this section, we generalize the previous discussions to the case in which the other bidoublet χ mixes significantly with φ and ∆ L,R . In this case the SCPV can be easily realized [16, 17, 18] . Comparing with the previous case, the main differences are that there could be more scalar particles entering the DM annihilation and scattering processes.
Furthermore, the new contributions from these particles may modify the correlation between the DM annihilation and WIMP-nucleus elastic scattering cross sections, which leads to significantly different predictions from the other gauge-singlet scalar DM models and the previous discussions.
As shown in Eq. 
with y h q = √ 2m q /v. In this case annihilation cross section can be obtained simply by counting the number of new channels. In Fig. 3 (right panel) , we give the constraints on 
Using the allowed λ 1,D and m D from Fig. 3 , we calculate the spin-independent WIMPnucleon elastic scattering cross section σ SI n . The numerical results are shown in Fig. 4 (right panel). We find that the σ SI n is enlarged roughly by a factor of three, which is however still below the current experiment upper bounds.
ii) The Yukawa couplings for y 
Since the annihilation process S D S D →is dominated by heavy t-quarks, the enhanced Yukawa couplings y η 1 q and y η 2 q do not affect the total annihilation cross section. Thus the DM relic density remain unchanged. However, the predicted WIMP-nucleon scattering cross section σ SI n will be enhanced. The corresponding results have been shown in Fig. 5 . We find that in this case σ SI n is enhanced by an order of magnitude compared with the one-Higgs bidoublet case. The future DM direct detection experiment SuperCDMS can cover most of the allowed parameter space.
V. CONCLUSIONS
In summary, we have discussed the possibility that the stability of DM can protected by the fundamental symmetries P and CP of quantum field theory. It can be realized in the framework of a generalized LR symmetric model which allows SCPV. The DM candidate in our model is a gauge-singlet which transforms under CP as an ordinary complex scalar. In this model no extra discrete symmetry is required. We have scanned the parameter space allowed by the relic DM density and made predictions for direct detection experiments. We found that the model was in agreement with the current measurement in a large parameter space. Based on the constrained parameter space, we have made predictions for the WIMPnucleon spin-independent cross sections, and further studied the correlations with the DM annihilation. We have found that in this model the correlation could be significantly different from other gauge-singlet DM models. The DM-nucleon elastic scattering cross section could reach the current experimental upper bound for large Yukawa couplings for light quarks, which could be tested by the future experiments.
